Chloroplasts, Lipids, Proteins, A ntibody Binding, Thylakoid M em brane Surface
Introduction
Fragments of the thylakoid membrane, which have been obtained from stroma-freed chloroplasts of Antirrhinum majus by ultrasonication and fraction ating centrifugation, are able to bind maximally equal amounts o f antibodies to lipids and proteins [1] . In contrast stroma-freed chloroplasts bind four times more antibodies to proteins than antibodies to lipids [2] [3] [4] [5] . From this it is concluded that the major part o f the thylakoid membrane surface directed towards the inside consists o f lipids. This conclusion, however, is not entirely unequivocal; as stated already earlier the mentioned membrane frag ments have an average diameter o f 100 A, whereas their thickness corresponds to that o f the thylakoid membrane [6] . Therefore, ultrasonication not only exposes the inner surface of the thylakoid mem brane to antibodies but in the fracture faces also considerable portions of the interior of the mem brane. Therefore, it appeared interesting to study the antibody binding with a chloroplast preparation in which the portion of the new fracture faces is small in comparison to the portion of the exposed inner surface. In the present paper, therefore, the antibody binding is studied with the ultrasonic sediment, which is obtained by ultrasonication and centrifugation. The results are compared with earlier work.
Methods

Quantitative lipid determination
The individual lipid components of the ultrasonic sediment were determined according to methods described earlier [1, 2, 7, 8] (Table I ). The lipid composition o f stroma-freed chloroplasts and o f the ultrasonic supernatant was taken from our earlier work [1, 2] .
P reparation o f th e antisera
The antisera to lipids, pigments, proteins and chloroplasts listed in the tables are the same as those which are described in preceding articles [ 1 -5 , 9]. They were obtained by immunization o f rabbits. The specificity of these antisera has also been characterised in earlier work [4, 9 -2 1 ]. The antisera were heated for 20 min to 56 °C in order to in activate residual complement.
P reparation o f u ltrasonic sedim en t
Stroma-freed chloroplasts prepared according to an earlier described procedure [ As the lipid antisera also contained antibodies to methylated bovine serum albumine, the ultrasonic sediment was incubated in parallel assays with antisera which contained antibodies to methylated bovine serum albumine. Out of these bovine serum albumin antisera no antibodies were adsorbed onto chloroplast fragments.
Double diffusion test in agarose
Immune precipitation as the test for monospeci ficity of the antisera to the coupling factor subunits was carried out in 0.8% agarose gel [23] . The 0.06 m barbiturate buffer had a pH of 8. The Antirrhinum chloroplasts used as antigen were prepared accord ing to Homann and Schmid [24] suspended in a 0.06 M phosphate buffer containing 1% triton X 100 and sonicated twice for 30 sec [4] . The diffusion time was between 24 and 36 h. The plates were stained with a 0.2% amido black solution in acetic acid after being washed 1.7% sodium chloride solution.
Results and Discussion
Morphology and chemical properties o f the chloroplast preparations
If stroma-freed chloroplasts of Antirrhinum majus are ultrasonicated in distilled water and fractionated by centrifugation two fractions are obtained [22] . The supernatant contains small fragments of the thylakoid membrane, which exhibit an average diameter of 100 A [6] . These fragments suspended in the supernatant are designated as ultrasonic super natant. The sediment consists mainly of small thyla koid stacks which originate from the grana of the chloroplasts. The outer thylakoids of these stacks which are in contact with the suspension medium are just as the thylakoids of the intergrana regions either disrupted or decomposed to small fragments, which stay in the supernatant [25] . In addition the preparation contains some disrupted thylakoids. Therefore in the fragments of the sediment con siderable portions of the inner surface are exposed and accessible to antibodies. This fraction is called ultrasonic sediment. The relative portion of outer thylakoid surface is smaller in the ultrasonic sedi ment than in the fragments of the ultrasonic super natant. Also the portion of membrane fracture sites is considerably smaller in the sediment. Moreover, in the ultrasonic sediment the surface accessible to antibodies is relatively small, since the thylakoids border in the stacks neighboring thylakoids.
Hence, in the three chloroplast preparations dif ferent sides of the membrane surface are accessible to antibodies. In stroma-freed chloroplasts anti bodies are only bound to the outer surface of the thylakoids if the preparation does not contain dis rupted thylakoids. The ultrasonic sediment, how ever, adsorbs antibodies onto the outer and inner membrane surface with preponderance of the ad sorption onto the surface which is directed towards the inside. With the ultrasonic supernatant the outer and inner surface are equally accessible, to anti bodies. In addition considerable portions of the interior of the membrane are exposed. At the edges of the fragments dislocations of molecules probably Table I occur. By comparison of the antibody binding by the three chloroplast preparations information on the nature of the antigens in the inner and outer membrane surface can be obtained and to a certain extend also information on the interior of the membrane. A comparison of the antibody binding by these three chloroplast preparations, however, appears only meaningful, if the three preparations do not differ too much with respect to their chemical com position. As is seen in Table I the three fractions certain within the error limits the same amounts of proteins and lipids. Thus, the ultrasonic sediment, which mainly consists of grana stacks, does not con tain additional amounts of lipids. The amount of chlorophyll shows no significant differences. On the other hand certain lipids occur in the three chloro plast preparations in different amounts.
Maximal binding o f antibodies onto chloroplast preparations
The maximal binding of antibodies out of an antiserum to stroma-freed chloroplasts increases upon fragmentation of the lamellar system (Ta ble II). This antiserum contains antibodies to pro teins and lipids of the lamellar system. The increase of antibody binding referred to the weight unit, is to a certain extend a measure for the increase in anti body binding of the thylakoid membrane surface. As is seen from Table II, the maximal antibody binding out of an antiserum to stroma-freed chloro plasts is distinctly increased, but there is not so much increase as with the ultrasonic supernatant. This result is according to expectation, if the prep arations exhibit the above described morphological structures with the ultrasonic supernatant the maxi- Table II mal binding is smaller than the increase of the geometrical surface. This is due to the hindering shape of the antibody molecules and to the fact that antibodies and membrane fragments have similar sizes. The size and shape of the antibodies is also the reason, why the sum of adsorbed antibodies out of a mixed lipid and protein antiserum is larger than the maximal adsorption of antibodies out of an antiserum to stroma-freed chloroplasts. As is shown in Table II 1 g ultrasonic sediment binds 1.2 x more lipid antibodies than antibodies to proteins. On the other hand stroma-freed chloroplasts bind 4 times more antibodies to protein than antibodies to lipids [2] . The ultrasonic supernatant binds approximately the same amount of antibodies to lipids and to proteins. For the comparison of the antibody binding by the three chloroplast preparations the weight unit as reference is not suited since in these preparations different portions of the surface are accessible to antibodies. Therefore in Table III we refer to the amount of antibodies, which is maximally bound out of an antiserum to stroma-freed chloro plasts. This calculation shows that the ultra- sonic sediment binds more antibodies to lipids than the ultrasonic supernatant despite the fact that with the membrane fragments of the ultrasonic super natant not only the outer and inner surface of the thylakoid membrane are exposed but also portions of the interior of the membrane. This result is due to the fact that in the ultrasonic sediment more inside face of the membrane than outside face is accessible to antibodies. Concomitantly the ultra sonic sediment binds less protein antibodies than the ultrasonic supernatant and than stroma-freed chloroplasts. According to earlier studies the outside face of the thylakoid membrane consists by approx. 85% of protein molecules, the present study shows that the inner surface of the membrane consists mainly of lipid molecules. The adsorption of antibodies out of monospecific protein antisera led to the result, that the ultrasonic sediment binds 29 per cent more antibodies to the coupling factor than stroma-freed chloroplasts, if one refers the values to the maximal antibody binding (Table III) . Since in the ultrasonic sediment proportionally more inner surface than outer surface of the thylakoid membrane is available for antibody binding, it follows that coupling factor antibody molecules are also adsorbed onto the inner mem brane face and that also in the thylakoid membranes of the grana coupling factor occurs. This conclusion seems to be in contradiction with the observation, that ultrasonic supernatant binds somewhat less coupling factor antibodies than is bound by stromafreed chloroplasts. The reason for this is that ultra sonic supernatant contains less coupling factor than stroma-freed chloroplasts and ultrasonic sediment. An earlier tested preparation of the ultrasonic supernatant contained no coupling factor [22] . Noteworthy is also the result which is obtained if one refers the binding of antibodies to coupling factor to the amount of antibodies which is maxi mally bound out of an anti serum to proteins of the thylakoid membrane (Table IV) . Whereas the bind ing of antibodies to the coupling factor makes up for 39 per cent of the maximally bound antibodies with stroma-freed chloroplasts, this value increases to 94 per cent with the ultrasonic sediment. This means that the coupling factor on the inside face of the membrane exceeds the amount of all other protein molecules. It might mean that the thylakoids in the grana regions contain more coupling factor than those in the intergrana regions. These results are only understandable if the coupling factor molecules span the membrane.
In addition the binding of antibodies to the subunits of the coupling factor with the apparent molecular weights 66000, 62000, 39000, 22000 and 11000 onto stroma-freed chloroplasts was studied (Table II) . These antisera not only precipitate an authentic coupling factor preparation but react also with stroma-freed chloroplasts (Table II) . The anti sera yield in the agarose double diffusion test against a chloroplast preparation of Antirrhinum solubilized in triton only one band (Fig. 3) . The effect of these antisera on photophosphorylation, electron transport and proton transfer was described earlier [9] . Moreover, as is seen from Table II, 1 g stroma-freed chloroplasts binds 0.22 up to 0.42 g of antibodies out of the sera. The highest binding value was obtained for the «-component with the apparent molecular weight 11 000. Out of an antiserum to the complete coupling factor 0.4 g antibodies are ad sorbed [3] . From this result it can be concluded that the portion of the coupling factor molecule, which is located in the outer thylakoid membrane surface, contains antigenic determinants of all five subunits.
Concerning the polypeptide with the molecular weight 24000, which has the amino terminal se quence Ala-Ala-Gly-Lys-Pro-Thr-Asp [4]*, it should be noted that the ultrasonic supernatant binds almost 3 times as much antibodies to this poly peptide than stroma-freed chloroplasts (Table III) . After removal of the coupling factor by washing with an EDTA-containing solution [1] stroma-freed chloroplasts bind two times more antibodies to the polypeptide 24000. From this it is concluded that * The sequence analysis was carried out by Dr. Beyreuther, Genetic Institute of the University o f Cologne. not all molecules of this antigen are located in the outer surface, and that a considerable portion lies inside the membrane. In addition the results listed in Table III and IV demonstrate that this poly peptide also occurs at the surface directed towards the inside.
Moreover, the question arises, whether the lipid composition at the outer and inner surface of the thylakoid membrane is the same. If this was the case chloroplast preparations in which only the outer surface is accessible to antibodies, should bind approximately the same relative amount of anti bodies to the individual lipids as a chloroplast preparation which in addition can bind antibodies on the inside face of the membrane. In order to make an estimate, the amount of bound antibodies to a certain lipid must be referred to the amount of lipid antibodies which can be maximally bound by the chloroplast preparation (Table V) . This is neces sary, since during fragmentation the areas which are occupied by lipid molecules are changed. From Table V it is seen, that the lipid mixture on the inside and the outside face of the membrane has not the same composition. Sulfoquinovosyl diglyceride and phosphatides occur in higher amounts on the outside face than on the inside face. The big dif ference between the antibody binding out of the antiserum to sulfolipid by the ultrasonic sediment and the ultrasonic supernatant shows that this lipid is preponderantly located in the interior of the membrane, which means that the major part of sulfolipid molecules is located neither at the inside nor at the outside face of the thylakoid membrane. It should be noted that the sulfoquinovosyl diglyceride is the only colorless lipid, the antiserum of which in hibits electron transport of chloroplasts [26] . It seems as if intermolecular interactions exist between this lipid and proteins. The neutral galactolipids are stronger localised at the membrane surface directed towards the inside (Table HI) . As the membrane fragments of the ultrasonic supernatant bind *33 per cent more antibodies to monogalactosyl diglyceride than the ultrasonic sediment (Table V) and since, as shown earlier, stroma-freed chloro plasts bind twice the amount of antibodies to monogalactolipids after removal of the coupling factor, it is concluded that monogalactolipids occur in con siderable amounts also within the thylakoid mem brane. It should be noted that the concentration dif ferences in the intact membrane are greater than shown by the presented data. This is due to the fact that our conclusions concerning the inner membrane surface are obtained with preparations which also bind antibodies also the outside face of the mem brane. In addition stroma-freed chloroplasts may contain some disrupted thylakoids. But the result are qualitatively unequivocal.
Finally it should be noted, that these results describe the condition of not swellable thylakoid membranes in stroma-freed chloroplasts. This data will be probably modified if swellable chloroplasts with higher electron transport and photophosphory lation rates are studied. This is to be expected, because antibodies to the anionic lipids [5, 10, 11] , pigments [14] [15] [16] [17] [18] [19] [20] [21] as well as to proteins [27] [28] [29] [30] [31] [32] [33] which are involved in electron transport, are only monovalently bound stroma-freed chloroplasts, whereas these antibodies react bivalently with swellable chloroplasts.
Since a considerable amount of comparable data is available now, it is tempting, to calculate the quantitative composition of the surfaces of the thylakoid membrane. This, however, is principally not possible, as the number of bound antibody molecules does not correspond to the number of antigen molecules per surface unit. This is due to the fact that a bound antibody molecule may cover up several antigen molecules, if their local concen tration is high enough. In addition, antibody mole cules may also cover up alien antigens. This cover ing effect is the larger the smaller the antigen molecules are and the higher their concentration is. Due to this effect is the observation that the sum of the binding data of colorless lipids in Table II is twice to three times higher than the amount of anti bodies which can be accommodated at the mem brane surface. If one wants to get a picture of the composition of the lipids at the membrane surfaces one should refer the individual data of the lipids to the amount of antibodies to lipids which can be simultaneously accommodated at the membrane surface and not to the sum of antibodies that can be maximally bound.
